When observers adapt to a transparent-motion stimulus, the resulting motion aftereffect (MAE) is typically in the direction opposite to the vector average of the component directions. It has been proposed that the reason for this is that it is the adaptation state at the local-level (i.e. of the local-motion-pooling units) that determines the nature of the MAE (Vidnyanszky et al. Trends in Cognitive Sciences, 6(4), 157-161). The adapting stimuli used in these experiments typically consisted of random-dot kinematograms, with each dot being able to move over the entire viewing aperture. Here we used spatially-localised global-plaid stimuli which enabled us, over the course of adaptation, to present either one of both motion directions at each local region. A unidirectional MAE was perceived when two motion directions were presented at each location and a transparent MAE was perceived when a single direction was presented. These results support the notion that it is the adaptation state at the local-motion-pooling level that determines the nature of the MAE to transparent motion stimuli.
Introduction
The motion aftereffect (MAE) is the perception of motion obtained when viewing a static object following the extended viewing of uniform motion. Motion is perceived opposite the direction of the adapting motion (Wohglemuth, 1911) . Adaptation techniques have been labelled as the psychophysicists' microelectrode (Frisby, 1979) and the MAE has been extensively used to study how motion signals are processed in the human visual system (Mather, Verstraten, & Anstis, 1998; Wade, 1994) . For example, among the aspects of motion processing that have been studied using MAE techniques have been: speed tuning; the binocular nature of motion units; spatial-frequency tuning; spatial pooling characteristics of optic-flow pooling; and differences in the processing of first-and second-order stimuli (using dynamic MAEs) (Alais, Verstraten, & Burr, 2005; Bex, Metha, & Makous, 1998; Cameron, Baker, & Boulton, 1992; Moulden, 1980; Nishida & Ashida, 2000; Snowden & Milne, 1997; van der Smagt, Verstraten, & van de Grind, 1999; Wenderoth, Bray, & Johnstone, 1988) .
One finding that has been hard to explain is the MAE that is generated by adaptation to a transparent-motion stimulus. When the adaptor consists of a field of dots, with, for example, half moving vertically up and the other half moving horizontally to the right, transparent motion is perceived during adaptation. However, the resultant MAE is unidirectional, opposite the vector-average direction of the two adaptation directions (Mather, 1980) . A transparent MAE can be produced when the two transparent motionsignals are moving at either different speeds (Curran & Benton, 2006; van der Smagt, Verstraten, & van de Grind, 1999) or in different depth planes (Verstraten et al., 1994) .
Given the utility of the MAE in investigating the properties of the motion system, it would be useful to know what determines whether a uni-or bi-directional MAE is perceived. Since the adapting stimulus adapts the entire motion system, to varying degrees, the question really becomes: The adaptation state of which level/ s in the motion system determines whether a uni-or bi-directional MAE is perceived?
Various MAE's have been preferentially linked to different levels in the visual system. For example, the standard, or static, MAE (in which a static test stimulus is used) has been linked to earlier levels in the system, possibly the local-motion level in V1, while the dynamic MAE (in which a moving or flickering test stimulus is used) has been linked to higher levels, like the global-motion level in V5/MT (Nishida & Ashida, 2000; Nishida, Ashida, & Sato, 1994; Nishida & Sato, 1995) . Additionally, there are some MAEs that clearly require the involvement of high-level (non-retinotopic) areas, for example, phantom aftereffects, in which an aftereffect is seen in a region of the visual field that was not exposed to the adapting stimulus (Price, Greenwood, & Ibbotson, 2004; Snowden & Milne, 1997; von Grunau & Dube, 1992) . Optic-flow stimuli are typically used to generate phantom MAEs and given that the processing of optic-flow stimuli have been linked to MST, an area above the global-motion area V5/MT Tanaka et al., 1986 ) that is also consistent with a high-level locus of phantom MAEs.
With respect to the MAE resulting from adapting to transparent motion, the processing of motion transparency has been linked to high-level global-motion areas like V5/MT and MST (Qian & Andersen, 1994; Snowden & Verstraten, 1999; Treue, Hol, & Rauber, 2000) and so it is possible that the adaptation state of these areas determines the nature of the MAE. However, given that these areas receive their input from the earlier motion levels, one idea that has been proposed is that it is the adaptation state at the local-motion level, specifically the local-motion-pooling level, that determines the nature of the MAE (Vidnyanszky, Blaser, & Papathomas, 2002) . A number of studies have provided good evidence that the output of local-motion units are locally pooled prior to pooling at the global-motion level, and further, a consequence of this local pooling is that only a single motion vector can be represented at that level (Curran & Braddick, 2000; Matthews, Geesaman, & Qian, 2000; Qian & Andersen, 1994; Qian, Andersen, & Adelson, 1994a , 1994b .
Typically, the stimuli used in transparent-motion studies are spatially sparse, and move over the entire extent of the stimulus aperture. This means that over the course of adaptation, local-motion-pooling units will be exposed to both directions of motion and so their nett adaptation will be in the vector-average direction of the two adaptor directions. Thus the adaptation of the local-motion-pooling units could account for the unidirectional MAE (Vidnyanszky, Blaser, & Papathomas, 2002) . Such a possibility is consistent with the studies that have been able to generate a transparent MAE. In order to generate a transparent MAE, it would be necessary to selectively adapt some local-motion-pooling units to one of the adaptation directions, and a different group to the other adaptation direction. Those studies that have found a transparent MAE have also had the different-direction adaptation signals move at different speeds or in different depth planes, and a number of studies have found evidence for speed and disparity tuning at early stages in the motion system (Bradley, Qian, & Andersen, 1995; Edwards, Badcock, & Smith, 1998; Greenwood & Edwards, 2006; Qian, Andersen, & Adelson, 1994a; Snowden & Rossiter, 1999) . Hence, the signals moving at different speeds or different depth planes may have driven different local-motion-pooling units.
The aim of the current study was to determine the level in the visual system, local or global, whose adaptation state determines the nature of the MAE induced by transparent motion. This aim was achieved by using a transparent-motion adaptor that has a spatial structure that allowed different regions of the stimulus to be presented with a single direction of motion over the entire course of adaptation. That (substantially) allowed each localmotion-pooling unit to be subjected to only one direction of motion in the transparent adaptor at any given time. A stimulus that allows for this spatial mosaicking of the different transparent directions is the global-plaid stimulus (Amano et al., 2009 ). This stimulus consists of an array of small, spatially-localised plaid elements. The Gaussian envelopes are static, with only the carriers of the sine wave elements forming each plaid moving. In the transparent version of the stimulus, half of the plaids move in one direction and the other half move in the other.
Using this stimulus, the direction that each plaid moved in could be kept either constant over the entire adaptation period (the Stable Condition, see Section 2.3) or it could alternate between each transparent direction (Alternating Condition). In the Stable Condition, each localised visual-area would be adapted to one of the component directions (as long as the observer maintained fixation during adaptation). This means that the adaptation state of each local-motion-pooling unit would be in the opposite direction to one of the component directions; half of them in one component direction and the other half in the other component direction. In the Alternating Condition, each local-motion-pooling unit would be adapted to the vector-average direction. Given that the globalmotion level would pool over the entire stimulus extent (Price, Greenwood, & Ibbotson, 2004 ) the adaptation state of that level would be the same in both the Stable and Alternating Conditions.
Thus, if it is the adaptation state of the local-motion-pooling level determines the nature of the MAE, then a transparent MAE will be perceived in the Stable Condition, and not in the Alternating Condition, while, if it is the adaptation state at the global-motion level, then a unidirectional MAE will be perceived in both conditions. If the latter is the case, then the perception of either a transparent or unidirectional MAE would not depended upon the adaptation state at the local-motion, but rather something specific to the temporal and/or disparity tuning at the global-motion level (Curran & Benton, 2006; van der Smagt, Verstraten, & van de Grind, 1999; Verstraten et al., 1994) .
Methods and procedure

Observers
Four observers were used. One of the authors (C.C.) and three others who were naïve with respect to the aims of the study. All had normal or corrected to normal (C.C.) spatial acuity and had no history of any visual disorders.
Apparatus
Stimuli were generated using a Cambridge Research Systems ViSaGe graphics system driven by a host Pentium 4 computer. They were displayed on a Sony Triniton G520 20-in. monitor operating at a refresh rate of 100 Hz with a spatial resolution of 1024 Â 768 pixels (visual angle of 40°by 30°at a viewing distance of 50 cm).
Stimuli and procedure
Modified versions of global-plaid stimuli were used and they were presented in an annulus viewing region that had an inner radius of 3°and an outer radius of 16°. A central fixation cross was always present. Each plaid element was presented in a Gaussian window that had a standard deviation of 0.25°. The stimulus was sparse, in that only half of the total number of plaids that could have been presented in the annulus were presented, i.e. 390 rather than 780. This resulted in an average separation between neighbouring plaids of 1.5°, with a minimum separation of 0.5°. The component sine waves had a spatial frequency of 2 cpd and a peak contrast of 70%. The adapting stimulus always contained transparent motion, but two conditions were used that differed in the number of motion directions that each plaid element moved in. In the Stable Condition, each plaid element moved in the same direction over the entire adaptation duration, while in the Alternating Condition, the direction changed from one of the transparent directions to the other every 500 ms. The two directions used in each trial were 45°above or below the horizontal, and from trial to trial, was randomised to be either to the left or the right. Note that observers perceived transparency in both of these adaptation conditions. The orientation of the component sine waves in each plaid was ±9°(in 3°steps) around an orientation at 45°to that particular plaid's direction. The total adaptation time was 45 s and the plaid speed was 4 deg/s. The observer's task was to indicate if they perceived uni-or bidirectional motion when the static test stimulus was presented. To check that they were also using the percept of motion to perform the task, we also asked them to report the perceived direction/s of motion for both conditions.
Results and discussion
The percentage of the trials for which the observers perceived transparent motion for the two conditions is shown in Fig. 1 and the pattern of results is the same for all observers. Transparent motion was essentially always perceived in the Stable Condition and essentially never perceived in the Alternating Condition. That is, when, over the entire adaptation period, a single motion-direction was presented at each local spatial region, a transparent MAE was perceived, and observers reported perceiving the two directions being opposite to the two adaptation directions. When two directions were presented, a unidirectional MAE was perceived. The perceived direction of that unidirectional MAE was opposite the vector-average of the two component directions.
Note that these results are the same as those obtained in an earlier study we conducted that used a multiarray stimulus, but with each local aperture containing dots moving in a single direction at a given time (Edwards, Vallum, & Kalia, 2008) . The drawback with that study was that the perception of motion with the RDK based multiarray stimulus was not strong. That led to a weak MAE, which made it difficult to perceive the transparent MAE, which in turn is consistent with findings that perception of motion transparency requires greater signal intensity than the perception of a unidirectional signal (Edwards & Greenwood, 2005) .
The results of the present study are clear and they provide strong support for the notion that it is the adaptation state of the local-motion level, and more likely the local-motion-pooling level, that determines the nature of the MAE that is induced by adaptation to transparent-motion stimuli (Vidnyanszky, Blaser, & Papathomas, 2002) rather than the adaptation state of the global-motion stage, as has been found for other complex motion stimuli (Price, Greenwood, & Ibbotson, 2004; Snowden & Milne, 1997; von Grunau & Dube, 1992) . The current results also provide further support for the notion of a local-motion-pooling level (Curran & Braddick, 2000; Qian & Andersen, 1994; Qian, Andersen, & Adelson, 1994a , 1994b . Fig. 1 . Results (percentage of the trials that were perceived as being transparent) for the two experimental conditions. When each local region was only subjected to a single direction of motion during adaptation (Stable Condition) a transparent MAE was typically perceived. When each local region was subject to both directions (Alternating Condition) a transparent MAE was seldom perceived, i.e. a unidirectional MAE was perceived.
